Abstract Immunosenescence studies of age-related immune system damage focused on clinical lymphopenic situations or androgenic blockade have revealed new insights about adult human immune reconstitution. However, as far as we know, the extent of lymphopoiesis in the thymus of elderly humans remains unclear. To this effect, we have analyzed 65 adult human thymuses (from 36 to 81 years; median age 68.6 years) obtained from patients who underwent cardiac surgery. Our results show a correlation between CD4 + CD8 + double-positive (DP) cells and both the age (inverse) and percentage (direct) of peripheral naive T cells, indicating that the thymus is still able to affect the peripheral lymphocyte pool even in the elderly. We also found significant correlation between the degree of thymopoiesis and the inflammation markers, as shown by the inverse correlations between DP and the percentage of neutrophils and IL-6 levels and the percentage of peripheral lymphocytes. Furthermore, in a multivariate linear regression the percentage of DP and IL-7 levels, but not age, were independently associated with the percentage of neutrophils. In conclusion, the thymus maintains, even in the elderly, an active thymopoiesis that rejuvenates the peripheral naive T-cell pool. Moreover, age-related thymopoietic decay is associated with the peripheral inflammation markers.
Introduction
Age-related changes of the immune system (immunosenescence) are complex processes affecting both the adaptative and the innate immune functions (Delarosa et al. 2006; Aw et al. 2007) . Among the clinical consequences of the immunosenescence are an increase in the frequency of infectious diseases (and, possibly, an increase in cancer and autoimmune diseases) (Yoshikawa 2000; Strindhall et al. 2007) and poor response to vaccines (Gruver et al. 2007 ). The loss of peripheral blood naive T cells is the bestknown effect of immunosenescence and the absence of response to vaccines has been ascribed, at least in part, to this decline (Aspinall et al. 2007; Gruver et al. 2007 ). The peripheral naive T-cell pool is maintained, preferably, by thymic lymphopoiesis as well as by the homeostatic mechanisms that account for the peripheral expansion (Cambier 2005; Cicin-Sain et al. 2007) . In this way, it is generally accepted that agerelated thymic involution is the major mechanism involved in naive lymphocyte loss and, therefore, in immunosenescence.
The interest in human thymic function in the elderly has increased after studies showed that (1) the adult thymus of HIV-infected patients without treatment (McCune et al. 1998) or under highly active antiretroviral therapy (HAART) (Franco et al. 2002; De la Rosa and Leal 2003) maintained or even improved its function, actively contributing to the CD4 lymphocyte repopulation; (2) adult thymopoiesis can be increased with growth hormone administration (Goldberg et al. 2007) or pharmacological androgenic blockade (Sutherland et al. 2005; Goldberg et al. 2007b) . Therefore, the capacity of effectively reversing, at least partially, the thymic atrophy opens up new perspectives in order to delay the immunosenescence process. In this way, to contribute to augment the information on the thymopoiesis magnitude in elderly people is especially outstanding. In fact, although some authors point to a remaining functionality of the human adult thymus (Shanker 2004; Pawelec et al. 2006) , laboratory data are scarce and indirect approximations are mostly used (Marusic et al. 1998) . Moreover, few studies have been performed directly on elderly human thymic samples, and most of them used small cohorts, which usually blended ex-vivo analysis with thymic tissue obtained from autopsies (Jamieson et al. 1999; Marinova 2005) . Jamieson et al. (1999) reported that thymopoietic potential per cell, as measured by the quantification of T-cell receptor excision circles (TRECs), remains constant up to 56 years and those thymocytes recognize a broad range of antigens. The maintenance of the thymopoietic potential per cell was subsequently confirmed in both mice (Sempowski et al. 2002) and humans (Sempowski et al. 2000; Gruver et al. 2007 ). Nevertheless, none of these works assessed a direct association between thymic function-related markers and peripheral naive subsets. Furthermore, it has been reported (Jamieson et al. 1999; Poulin et al. 1999 ) that new T lymphocytes continue to emigrate from the thymus even in adulthood, yet, as far as we know, whether this output is large enough to modify the peripheral naive T-cell pool through an effective lymphopoiesis remains unclear.
Regarding the innate immune system, many altered functions and inflammation markers (Gomez et al. 2005; De Martinis et al. 2006 ) predicting frailty in the elderly have been reported. The failure in defenses against bacteria might indicate that the function of neutrophils is seriously impaired in the elderly (Lord et al. 2001) . Moreover, the rise of the pro-inflammatory cytokines [interferon (IFN)γ, tumor necrosis factor (TNF)α, interleukin (IL)-1 or IL-6] and decrease of the anti-inflammatory cytokines (IL-10, IL-4, IL-5) show a systemic inflammation status. Despite both innate and adaptative immune responses being known to be affected in the elderly (De Martinis et al. 2006) , the relationships between the two processes have not yet been described.
In this context, the aim of this study was to analyze the extent of the remaining thymus functionality in old people and whether this thymic function correlated with the systemic inflammation observed in the elderly. (Mackall et al. 1995) , steroids (Cohen et al. 1992) or antitumor therapy (Kumamoto et al. 1995) ; there were also no clinical data of active infections, including an HIV negative test.
Materials and methods

Patients
Thirty-five additional healthy, elderly volunteers (median age 81 years, IQR 78-88) were included as a control group. Simultaneous plasma and serum samples were collected and frozen at -20°C until further use. This group was only used when comparing IL7 serum and plasma values.
All individuals were informed and consented to participate in the study, which was approved by the Ethical Committee of the Hospital.
Thymocytes, peripheral blood mononuclear cells (PBMCs) and serum isolation Thymic tissue samples were extracted during cardiac surgery and processed immediately. Samples and tissues were only obtained for clinical reasons, and never for research purposes. The aged thymus remained clearly distinguishable despite the adipose tissue of the mediastinum, but we could not ensure that all the remaining thymic tissue was removed. Nevertheless, identification and representative sample taking were guaranteed (Fig. 1a) . Thymic tissue samples were washed with phosphate-buffered saline (PBS) and then disaggregated with a wire mesh in RPMI medium. Thymocytes were isolated by FicollHypaque density gradient and washed with PBS. The total counts of isolated cells were considered as the cellularity of the thymic tissue sample.
PBMCs were isolated from whole blood in Vacutainer CPT tubes with sodium heparin as an anticoagulant and cryopreserved in liquid nitrogen (fetal bovine serum, 10% DMSO) until further use. Serum was collected in Vacuette Serum Collector tubes without any anticoagulant and then stored at -20°C until quantification of interleukins.
Absolute cell counts Lymphocyte subpopulations (CD3 + , CD4
+ and CD8 + absolute numbers) were determined in fresh whole blood using the Epics XL-MCL (Beckman-Coulter, Calif., USA) flow cytometer, according to the manufacturers' instructions. Absolute numbers and percentages of lymphocytes, monocytes and neutrophils were extracted from the hemogram performed in fresh whole blood in the Sysmex XE-2100 (Roche Diagnostics, Ind., USA) cell counter.
IL-6 and IL-7 quantification
The determination of IL-6 and IL-7 sera and plasma levels was performed in duplicate using a highly sensitive colorimetric enzyme-linked immunosorbent assay (IL-6 and IL-7 Quantikine ELISA kit, R&D Systems, Minneapolis, Minn., USA), according to the manufacturers' instructions. A calibration curve was constructed using mean absorbance obtained from each standard in duplicate. The cytokine concentration of each duplicate sample was then extrapolated from the standard curve and then calculated using the mean value. Conventional histology In order to confirm whether the 0% DP samples were true thymic tissue specimens, representative samples were analyzed by conventional histology. One-centimeter thymic pieces were embedded in paraffin wax, then cut in 3-µm sections, and routinely stained with hematoxylin and eosin (HE) for histological examination.
Quantification of signal-joint (sj) TRECs DNA was directly isolated from thymic tissue samples using the Nucleospin tissue kit (Machery-Nagel). Delta-deletion TRECs formed by δRec-ψJα rearrangement were amplified and quantified by real-time PCR using fluorescently labeled oligonucleotides as reporter probes in a 20-μl PCR reaction using the LightCycler (Roche Diagnostics, Ind.) as previously described (Douek et al. 1998) . TREC abundance was normalized to cell number determined by amplification of β-globin with the GH20 and PC04 primers (Bauer et al. 1991) . Serial dilutions of the standards, including plasmid clones containing TRECs and β-globin, were run to generate standard curves for further quantification. Data were expressed as TRECs per 10 6 cells using mean values from triplicate assays for TRECs and duplicate assays for β-globin. 
Statistical analysis
Results
Analysis of the thymic function Cohort characteristics are summarized in Table 1 . Thymic tissue samples were analyzed in the 65 individuals of our cohort.
Despite visual identification of the thymic tissue samples being clearly determined (Fig. 1a) , in order to discard a lymphocyte infiltration on adipose tissue, histological analyses of representative thymus specimens were performed. Conventional histology performed in thymus samples with 0% DP thymocytes showed Hassall's corpuscles and a clearly organized lymphoepithelial structure (Fig. 1b) , indicating atrophied but true thymic tissue samples. DP thymocytes were analyzed from each sample as a thymic function surrogate marker (Fig. 2a) . As expected, thymic function, measured either by the percentage of DP thymocytes or DP absolute numbers, declined with age (r= -0.323, p= 0.009 and r=-0.319, p=0.011, respectively). Nevertheless, both the low correlation coefficient and the DP range (minimum: 0.0% DP, and maximum: 70.5% DP) showed a high heterogeneity degree among individuals. In order to confirm this heterogeneity, we stratified the cohort according to age groups, which showed a high heterogeneity among them (Fig. 2b) . In spite of medians being reduced with age, we found individuals with a very high percentage of DP (>50%) in all groups. In the same way, some individuals without thymopoiesis (DP<5%) could be observed in all the groups of individuals over 50 years old (Fig. 2b) . We also examined the sjTREC numbers in thymic tissue samples. Although the TREC/10 6 cells was age-independent (r=-0.033, p=0.799), the absolute TREC numbers declined in an age-related manner (r=-0.248, p=0.056), close to statistical significance. Moreover, the absolute TREC numbers showed a strong direct correlation with the absolute DP numbers (r=0.615, p<0.001). Regarding heterogeneity, a wide range of TREC numbers, directly quantified in DNA tissue samples, was also found in the age groups (Fig. 2c) .
Finally, we analyzed whether the number of cells that we were able to obtain from each sample was related to the thymic function parameters, i.e., DP and sjTREC. Figure 2d shows a significant direct correlation for both the percentage of DP thymocytes (r= 0.525, p<0.001) and TREC numbers (r=0.363, p= Relationship between thymic and peripheral cell parameters Naive (CD45RA + CD27 + ) T cells were analyzed. Percentages of both CD4 + (r=0.318, p= 0.002) and CD8 + (r=0.363, p=0.007) naive T cells showed a strong direct correlation with the DP absolute numbers (Fig. 3a) . The direct correlation was also found by analyzing TREC levels in the thymus, as well as the DP numbers, as a thymic function surrogate marker. Figure 3b shows a significant association between CD4 + (r=263, p=0.046) and CD8 + (r=0.306, p=0.026) naive T cells from peripheral blood and the sjTREC numbers obtained directly from thymic tissue DNA. TRECs/10 6 cells also showed a strong direct correlation with both the CD4 + (r=0.369, p=0.004) and the CD8 + (r=0.404, p= 0.002) naive T-cell subsets. Results support a direct role of the remaining thymic function in elderly and naive T-cell peripheral pool maintenance.
Systemic inflammation markers A slight lymphopenia and a systemic inflammation status are commonly found in elderly people. IL-7 was analyzed as the cytokine involved in the lymphocyte homeostasis and the thymopoietic control. Neutrophils and IL-6 levels were analyzed as peripheral blood inflammation + naive T cells (r= 0.306, p=0.026, n=55) markers and the association with the age and the DP thymocytes was studied. The percentage of neutrophils and the IL-7 levels significantly increased with age, while the percentage of lymphocytes decreased in an age-dependent manner (Table 2) . Neutrophil percentages also showed statistically significant correlations with the DP thymocytes quantified either as frequency (r=-0.362, p=0.003) or absolute numbers (r=-0.381, p=0.014). In addition, the neutrophil percentages showed significant correlation with IL-7 levels (r=0.415, p=0.002, Fig. 4a) . In a multiple linear regression, the percentage of DP thymocytes and IL-7 levels (p = 0.002), but not age, were independently associated to the percentage of peripheral blood neutrophils (Table 3) .
Due to sample availability, IL-7 quantification was performed in serum samples. Despite all samples being processed similarly, IL-7 values could be overestimated, as platelets are known to release IL-7 during clotting. In order to assess the correlation between sera and plasma levels, we analyzed samples from 35 healthy elderly volunteers. In spite the short number of samples analyzed, results showed a linear correlation, close to statistical significance, between both IL-7 values (Fig. 4b) . Thus, despite their higher values, IL-7 levels on sera samples maintain the tendency and the biological sense.
Although IL-6 levels did not correlate with absolute DP counts (r=-0.185, p=0.207), we found a significant inverse correlation between IL-6 concentrations and the percentage of peripheral lymphocytes (r=-0.365, p=0.009). Moreover, IL-6 concentrations showed a significant correlation with the percentage of peripheral neutrophils (r=-0.361, p=0009). Both correlations supported a rise in the systemic inflammation status in a situation of increased lymphopenia.
In order to analyze individuals regarding the systemic inflammatory status, we divided our cohort into neutropenic (<2.5×10 9 /l), normal and neutrophilic (>7.5×10 9 /l) status. A significant difference was found between DP percentages (p=0.006, Fig. 4c ), DP absolute numbers (p=0.012) and IL-7 levels (p= 0.005) among individuals with normal or neutrophilic counts. A significant difference was also found between neutropenic and neutrophilic individuals regarding the DP frequency (p=0.002, Fig. 4c ) and the DP absolute numbers (p=0.022). No differences were found regarding age. As expected, significant differences were found between individuals with neutropenic and neutrophilic counts when analyzing the IL-6 levels (p=0.021, Fig. 4d ).
Discussion
The results obtained in this work show a high degree of heterogeneity in the adult human thymus function when both DP thymocytes counts and intrathymic sjTREC levels are measured. In our cohort, the remaining thymic function directly correlates with the percentage of naive T cells in both the CD4 + and CD8 + subsets. We found that the percentage of neutrophils in adult individuals was independently associated with their percentage of DP and the IL-7 serum levels on analyzing systemic inflammation parameters.
A limitation of this study is the bias towards patients that underwent cardiac surgery. The difficulty in obtaining thymic tissue samples forced us to limit to a cohort with a median age of 68.6 years, which reflects the age of patients who underwent cardiac surgery at our hospital. Human thymus studies usually use an indirect measure, such as the TREC quantification in peripheral blood as a thymic function-related marker (Jamieson et al. 1999; Poulin et al. 1999 ), but in this study, we have analyzed the percentage of DP thymocytes as the thymic function direct marker. In addition, we have directly quantified the TREC levels in thymic tissue DNA, where no proliferation induced by activation occurs. Using direct thymic function-related markers, we have overcome the limitation of using TRECs in peripheral blood for the thymic function quantification (Hazenberg et al. 2000; Harris et al. 2005) .
The age-related atrophy process of the thymus and its output reduction during adulthood is well established in the literature. In our study, we wanted to -7 levels (r=0.266, p=0.122) . This IL-7 quantification has been performed in a control group of healthy elderly. c DP thymocytes percentage medians among the three neutrophil count groups. Statistical differences were found between the normal and neutrophilic count group (p =0.006). d IL-6 concentration among the neutrophil count groups. Statistical differences were found between the neutropenic and neutrophilic count group (p=0.021) analyze the remaining functionality in the elderly human thymus once individuals showed an involuted organ. Half our cohort had more than 31.8% of DP thymocytes. Despite the percentage of DP declining with age, we found a broad distribution in all age groups. Results showed a high heterogenic degree (confirmed with the sjTREC quantification) in the residual thymic function. TREC/10 6 cells did not correlate with age in our cohort, possibly because the TREC quantification had been performed directly in tissue DNA. The presence of large amounts of adipose tissue in the thymus is the main marker of atrophy and thymocytes are therefore the main cells contributing to the extracted DNA from each thymic sample. Our results showed that the percentage of DP diminishes with age, but not the TREC levels for million of thymocytes. According to that, TREC absolute numbers show an age-related decrease proximal to statistical significance (0.056). We found a strong direct correlation in both the CD4 + and the CD8 + T-cell subsets on analyzing the relationship between the absolute numbers of DP and the peripheral naive T-cell percentages from each individual. Recently, a high interindividual heterogeneity regarding the CD4 + T-cell counts in adulthood (Kilpatrick et al. 2008 ) has been reported. Their results suggested age-related differences regarding the peripheral homeostasis, but our results could also help to explain the naive T-cell heterogeneity. Thus, both peripheral homeostasis and DP differences would be denoting a different interindividual maintenance of the naive T-cell pool.
Another well-known age-related immune change is in the systemic inflammation status of the elderly (Gomez et al. 2005; De Martinis et al. 2006 ). Once we assessed the thymic functionality and its impact on peripheral T-cell pools, we decided to analyze the inflammation status of our cohort. The infectious diseases prevalent in the elderly (e.g., pneumonia) point to a failure in numbers and/or function of the neutrophil subset (Lord et al. 2001; Targonski et al. 2007) . We found that the numbers of neutrophils in the study correlated with (1) percentage of DP, (2) IL-7 levels, and (3) age; but multiple linear regression showed that DP and IL-7 were the only independently associated. Furthermore, we found that neutrophilic individuals showed fewer DP but higher IL-7 and IL-6 levels when stratifying our cohort into neutropenic (<2.5×10 9 /l), normal or neutrophilic (>7.5×10 9 /l) status. Unfortunately, in our study IL-7 levels could be overestimated since the platelets had not been previously isolated in order to avoid their IL-7 contribution to the total levels. Although this limitation, Fig. 4b shows the relationship between sera and plasma IL-7 levels in a healthy control group. Thus, our results are internally valid with respect to comparison among our populations, although these IL-7 levels cannot be extrapolated or compared with other studies. Furthermore, the decrease in the percentage of lymphocytes and the increase in the percentage of neutrophils in peripheral blood correlated with the rise of IL-6 levels, supporting the idea that the lymphopenic status correlates with an augment in the systemic inflammation status in the elderly.
All these results could be explained by interrelating the innate and adaptative immunosenescence processes instead of the independent processes. Despite the mature neutrophils not having a functional IL-7 receptor (Girard and Beaulieu 1997) , it has been reported that mielopoietic precursors could have (Grzegorzewski et al. 1994 ). An increase of neutrophils in lymphopenic mice has also been reported after recombinant rh-IL-7 administration (Jiang et al. 2005; Aiello et al. 2007 ). The increase of IL-7 levels induced by a lymphopenic status is well known. The age-related loss of thymic function could explain the lymphopenic induction that increases IL-7 levels in peripheral blood. IL-7 could be interacting with the myeloid precursors and, thus, could be inducing the increase in the neutrophil levels. The direct correlation between the percentage of neutrophils and the percentage of DP with the percentage of lymphocytes (r=-0.974, p<0.001) and IL-7 levels, in our cohort of adult people, suggests the hypothetic model summarized in Fig. 5 , although an independent phenomenon can not be excluded.
Taken together, our results suggest that the thymus in the elderly is still functional and contributes to the maintenance of the peripheral pool of naive T lymphocytes, despite the interindividual heterogeneity. Furthermore, we show that the thymic function loss in the elderly is directly associated to the neutrophilic status. Further studies are necessary to improve our understanding of the variability among individuals during immunosenescence, and the mechanisms that cause the neutrophil to raise. Moreover, whether the thymic functionality of elderly individuals may be pharmacologically increased remains to be determined.
